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In this work we theoretically analyze the spatial information provided by cylindrical-grating slit-less
spectrometers. We raise attention on the often not considered property that the spatial features acquired
using these spectrometers are different from what can be obtained using a spectrometer with an entrance
slit. In relation, we also highlight that they do not provide information directly on the real spatial beam
profile. It is important to consider this fact in spatio-spectral analysis of extreme ultraviolet radiation
often carried out using cylindrical-grating slit-less spectrometers. Since the models used are based on the
Fresnel diffraction integral and ideal optical systems, the results are valid also for other spectral regions.
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1. INTRODUCTION
Spectroscopic measurements of light sources operating between
the vacuum ultraviolet (VUV) and the soft X-ray spectral re-
gion have different technological implementations. A common
feature of these spectrometers working with extreme ultravio-
let (XUV) radiation is that reflective optics is used in grazing-
incidence [1]. The reason is to maximize reflectance of metals in
this spectral region. In other aspects they resemble the spectrom-
eters operating in the visible regime. This means, for example,
that just like for laser spectrometers, XUV spectrometers can
be built to give additional properties of the detected radiation
than its spectral power content. Obtaining further information
on the radiation or the source emitting it, spectrometers are of-
ten utilized to provide spatial information along with spectrally
resolving the radiation. This gives access to spatio-spectral fea-
tures [2–11]. For spatio-spectral analysis, the “spatial” axis is
often referred to as “divergence” axis [4, 6–12]. This is because
the spatial intensity distribution in the far field is related to the
near-field divergence distribution. It is straightforward to see
this relation in situations with cylindrical symmetry, since those
rays will arrive at a specific distance from the optical axis in the
far-field that make a given angle with the axis of symmetry (the
particular divergence angle).
To exploit the most of the generated radiation and to increase
the collection efficiency, spectrometers without an entrance slit
(often called slit-less spectrometers) are more and more often
used. This is especially true when the signal is relatively low,
and collecting as much of the radiation as possible is crucial. One
example for such low efficiency physical process is high-order
harmonic generation (HHG) in gases [13, 14].
Slit-less spectrometers often appear for the characterization
of synchrotron radiation [15–18]. Such spectrometers are also
used in applications of XUV beams in X-ray free-electron lasers
(XFELs) [19]. They more and more widely appear in gas-
HHG experiments and in applications of such XUV sources
[7, 9, 11, 12, 20, 21], or for the analysis of surface plasma-HHG
radiation [22]. These flat-field spectrometers usually make use of
a cylindrical grating which diffracts (or disperses, meaning that
it spectrally resolves) and images the radiation along one axis,
and allows free-space propagation of the radiation by simple
reflection along the other (perpendicular) axis [7, 9, 12, 20, 21].
If such slit-less spectrometers are used, the spatial information
does not come from a line segment of the beam provided by the
slit, but from all parts of the studied beam.
In this work we theoretically study the information that is pro-
vided by slitted and slit-less spectrometers analyzing monochro-
matic and broadband XUV sources. We compare the real spatial
characteristics of XUV beams with information deducted from
analysis with a slit-less spectrometer. We also make comparison
with the information that can be obtained using a traditional
spectrometer having an entrance slit. The comparison is done by
modeling the imaging properties of both types of spectrometers.
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Although it is never the case, especially in the XUV region where
grazing incidence reflective optics are used, we restrict our anal-
ysis to ideal propagation, imaging and focusing. Our aim is to
raise attention to the fundamental difference between the spatial
information obtained with slit-less and slitted spectrometers.
2. METHODS
The typical setup of the two analyzed spectrometer types can
be seen in Fig. 1. The simplified model can be seen along with
the schematics both for an XUV spectrometer with an entrance
slit (see Fig. 1.(a)) and for a slit-less type spectrometer (see Fig.
1.(b)).
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Fig. 1. The schematic drawing and the simplified model to
study the imaging properties of (a) a typical XUV spectrome-
ter utilizing an entrance slit and (b) a slit-less XUV spectrom-
eter with a cylindrical grating. The highlighted rays are only
for guiding the eye, a wave optical description is used in both
cases.
A flat-field spectrometer (cf. Fig. 1(a)) images the plane of
the slit when only a (variable-line-space, VLS) grating [3, 23–
25] is used, and also when aberration corrections or imaging is
achieved, for example, by a toroidal mirror [26]. This imaging is
usually close to one-to-one [3, 24, 25], i.e. the magnification of the
image is unity. This means that the modeling of the image gen-
erated by this type of spectrometer from a quasi-monochromatic
source (for example, spectrally filtered high harmonics) can be
considered as free-space propagation of distance dOS from the
source to the slit, and an imaging of the slit defined by the mag-
nification factor M = −dFI/dSF (see Fig. 1(a)). This means that
the slit can be considered as a virtual object, since the object of
imaging is not the source plane (the exit plane of the gas cell
in the case of HHG), but the plane of the slit. From the source
plane to the slit plane the propagation of the XUV light can be
treated in cylindrical symmetry (if we assume rotational symme-
try in the source plane). Behind the slit, a full three-dimensional
description of wave propagation is necessary, since the beam
cross-section is not rotationally symmetric anymore.
For a slit-less spectrometer, the case is different, because the
object of imaging is the source plane itself. At the same time,
a slit-less spectrometer with a cylindrical element images the
source only along one axis, in the direction the optical element
is curved, and in which grating diffraction on grating grooves –
the dispersion of different wavelength components – happens
[7, 9, 12, 20, 21]. In the model the case is simplified to imaging
with a cylindrical optical element (like an ideal cylindrical lens),
the way it is depicted in Fig. 1.(b). For this model the point where
the simplification of wave propagation to a two-dimensional
problem cannot be utilized is after the imaging optics. So the
beam propagates without obstruction from the object up to the
optics (cylindrical lens), preserving the cylindrical symmetry of
the problem up to a distance of dOF (see Fig. 1.(b)). The distance
dFI of the detector from the focusing element is usually chosen
to fulfill the imaging law 1/dFI = 1/ f − 1/dOF, where dOF is
the object-focusing optics distance and f is the focal length of
the cylindrical focusing element. In both cases depicted in Fig.
1, the rays are highlighted only to guide the eye. Imaging and
wave propagation are modeled based on expressions of scalar
diffraction theory, described in detail in the following.
The radiation under study always has a finite bandwidth,
and the angle of diffraction varies with wavelength, so the grat-
ing disperses the components with different wavelength along
the image plane. This effect of diffraction on the spectrometer
grating grooves can be described by assuming a spatial shift
of each (monochromatic) image by a given value defined by
the grating spacing (flat-field spectrometers are studied in this
work). The shift is linear with wavelength for traditional grat-
ings, therefore a wavelength-independent δ = ∆x/∆λ value can
be used to characterize the geometrical dispersion of images.
In the previous expression ∆x is the spatial shift of the images
of ∆λ wavelength difference. This lateral shift of the images
is the only point of the model which uses a geometrical optics
approach.
The propagation of light beams can be described using the
Fresnel diffraction integral [27], which is substantially simplified
for propagation of beams having cylindrical symmetry, resulting
in the evaluation of a Hankel transformation [9, 27]. In paraxial
systems this transformation can be combined with the ABCD-
formalism, providing the ABCD-Bessel (or ABCD-Hankel) trans-
formation [28, 29]. When the ABCD elements for free-space
propagation of distance z are used, the radial dependence Uff(r)
of the electric field in a far-field plane relates to the same quantity
in the near-field plane (Unf(ρ)) by
Uff(r) =− i2piλz exp
(
i
pi
λz
r2
)
×
∫ ∞
0
Unf(ρ)J0
(
2pi
λz
rρ
)
exp
(
i
pi
λz
ρ2
)
ρdρ , (1)
where λ is the wavelength of the radiation and J0 is the zeroth-
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order Bessel function of the first kind [29]. The near- and far-field
radial coordinates are ρ = (x2n + y2n)1/2 and r = (x2f + y
2
f )
1/2,
respectively. Eq. (1) is the well-known mathematical form for
calculating the Fresnel diffraction (Fresnel transformation) of a
cylindrically symmetric field distribution [27, 30].
When the simplification to the two-dimensional problem
from the three-dimensional one due to the lack of cylindrical
symmetry (for example because the presence of a slit) cannot
be used, the two-dimensional integral of Fresnel diffraction can
not be simplified to a one-dimensional integral. However, for
aberration-free imaging the image UI(u, v) of an object UO can
be calculated as the convolution of the point-spread function
(PSF) introduced by diffraction on the focusing element’s aper-
ture and the geometrical optics image. This gives
UI(u, v) = h(u, v) ∗UGO(u, v) , (2)
where
h(u, v) =
∫ ∞
−∞
∫ ∞
−∞
P(x, y) exp
(
−i 2pi
λdFI
(ux+ vy)
)
dx dy (3)
is basically the Fraunhofer diffraction pattern (Fourier transform
with a phase and an amplitude factor) of the lens pupil P(x, y),
and
UGO(u, v) =
1
M2
UO
( u
M
,
v
M
)
(4)
is the magnified geometrical image of the object. The magnifica-
tion is defined by M = −dFI/dSF [27]. For rectangular apertures
with 2wx and 2wy size, (e.g. the dimensions of the XUV grating),
Eq. (3) becomes
h(u, v) =
4wxwy
λ2d2FI
sinc
(
2wxu
λdFI
)
sinc
(
2wyv
λdFI
)
, (5)
where sinc(x) = sin(pix)/(pix) when x 6= 0 (sinc(0) = 1). Carte-
sian coordinates (x, y) and (u, v) are measured in the plane of
the focusing element and of the image, respectively (see Fig.
1(a)).
To evaluate the image formed by the slit-less spectrometer,
imaging by a cylindrical lens has to be analyzed. In this study
we use the basic formulas of Fresnel diffraction [27], instead of
frequency domain evaluation[31]. Fraunhofer diffraction can-
not be used for this case – in contrast to the perfect imaging
described previously – because focusing happens only along
one axis, so this is the only axis along which the “image plane”
is definitely far field. If the electric field distribution UF(x f , y f )
in the plane of the cylindrical lens is given (see Fig. 1(b)), the
field distribution UI(u, v) in the image plane can be calculated
by
UI(u, v) =
1
iλdFI
∫ ∞
−∞
∫ ∞
−∞
UF(x f , y f )
× exp
(
ipi
λ
[
(u− x f )2
dFI
+
(v− y f )2
dFI
−
x2f
f
])
dx f dy f , (6)
f being the focal length of the cylindrical lens. Since UF(x f , y f )
has a rotational symmetry (see Fig. 1(b)), this can be utilized
to reduce computation time in numerical evaluation. However,
by writing Eq. (6) in cylindrical coordinates simplifies the eval-
uation only in specific points (see Appendix), and numerical
evaluation in general is harder. The symmetry of the beam can
be exploited in Cartesian coordinates as well, giving
UI(u, v) =
2
iλdFI
exp
(
i
pi
λdFI
(u2 + v2)
) ∫ ay
0
∫ ax
0
dx f dy f
×UF(x f , y f ) exp
(
i
pi
λdFI
(x2f + y
2
f )
)
exp
(
−i pi
λ f
x2f
)
(7)
×
[
cos
(
2pi
λdFI
(ux f + vy f )
)
+ cos
(
2pi
λdFI
(−ux f + vy f )
)]
,
a less resourceful form for numerical evaluation, where the inte-
gration limits have been fixed to the size of the grating (ax and
ay being the half widths of the grating aperture).
In additional to the above wave optical description, we take
into account the dispersion of different wavelength images
caused by the diffraction on the grating grooves by a simple
lateral shift. Apart from this geometrical approach, a fully wave
optical approach is used.
3. SIMULATION RESULTS
To compare the spatial information provided by the different
types of spectrometers, we use an XUV beam profile as source
in the object plane that is simulated in a code for modeling
HHG in gases [32, 33]. The HHG simulation utilizes cylindrical
symmetry, giving the strength of the harmonic field as a function
of radial distance (Unf(ρ)). The simulated XUV radiation was
generated by an 8th-order Super-Gaussian laser beam with a
Gaussian spectrum centered at 740 nm, with 5 fs pulse duration,
focused by a focusing element with 23.5 m focal length. The
10 cm long Ne medium at 6.7 mbar pressure was placed 19 cm
before focus.
Two quasi-monochromatized near-field (at the gas cell out-
put, i.e. the source plane) spatial intensity distributions can be
seen in Fig. 2(a) and (b) centered at 80 eV and at 100 eV photon
energies. Each beam was assumed to have ∆λ = 0.04 nm spec-
tral bandwidth, meaning ∆E80 = 0.206 eV and ∆E100 = 0.323 eV
bandwidths for the 80 eV and 100 eV beams, respectively. This
bandwidth is smaller than what is typically achievable with XUV
monochromators [34]. It was chosen because it is the bandwidth
that usually appears on a pixel line of common detectors in this
photon energy range (see later). The left part of each subfigure
in Fig. 2 is the line segment highlighted by the dashed line in the
corresponding intensity distribution. Since cylindrical symme-
try is assumed, the line segments contain all information about
the intensity distribution. The two-dimensional plots, which can
be obtained by rotating the line segments around the optical axis
z, are presented for demonstration purposes. While the inten-
sities are given in arbitrary units, they are the same arbitrary
units along the whole article, so quantitative comparisons can
be made between intensity data appearing in following figures.
The images in Fig. 2(c) and (d) are the XUV far-field beam
profiles Uff after free propagation of 12.225 m obtained using
Eq. (1) with the input beam profiles Unf of Fig. 2(a) and (b),
respectively. Note that the size of the far-field XUV beam-profile
plots are approximately an order of magnitude bigger than the
near-field profiles in each dimension.
The way spatio-spectral characteristics appear when the same
beam as in Fig. 2(a) is analyzed using a spectrometer with an
entrance slit can be seen in Fig. 3. The simulation was performed
using the model spectrometer of Fig. 1. (a): evaluating Eq. (2),
and assuming a wavelength-dependent spatial shift of images
due to the dispersion of wavelengths (caused by the diffraction
on the grating grooves) of δ = 1 mm/1 nm. This value is typical
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Fig. 2. Typical profiles of XUV monochromatic beams cen-
tered at different photon energies with different spectral band-
widths ((a) and (c): E = 80 eV, ∆E80 = 0.206 eV, (b) and
(d): E = 100 eV, ∆E100 = 0.323 eV) in different planes be-
ing perpendicular to the propagation axis ((a) and (b): near
field (the plane of the source - the exit plane of the cell in the
HHG example), (c) and (d): far field (free propagation from
the source)). The illustrated far field profiles are obtained from
the field distribution in the near field by assuming free-space
propagation of 12.225 m. The plots on the left of each intensity
distribution show the intensities along the dashed white lines
of each plot.
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would appear on the detector pixels calculated by spatially in-
tegrating the information along the surface of each pixel in (a).
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for XUV gratings [1]. To make direct comparisons with the free
propagation results of Fig. 2(c) possible, it was assumed that
the spectrometer slit is placed dOS = 12.225 m from the source
(which dOS value is the free-propagation distance of results in
Fig. 2), and that the magnification of the spectrometer is M = 1
(dSF = dFI = 40 cm, see description of quantities in Fig. 1(a)).
The slit was set to have 50 µm width and 15 mm height, so the
middle line segment of the far-field beam profile of Fig. 2(c)
served as the virtual object UO, its size given by the slit size.
This approach intrinsically contains the diffraction on slit edges.
The aperture of the imaging optic (the grating in real situations
of XUV spectrometers) was assumed to have a shape of a square
with a width of 2wx = 2wy = 20 mm. This leads to a PSF that
is very close to a delta function compared to the image sizes
involved (the full-width half-maximum of the sinc function in
Eq. (5) is ∼ 0.2 µm).
In Fig. 3(a) we plot the intensity distribution in the detector
plane of the spectrometer with an entrance slit in the situation
described above. Note that the horizontal scale covers a spatial
range that is two orders of magnitude smaller than the vertical
spatial extent, so with equal scales the image of Fig. 3(a) would
look like a line. On the horizontal axis of Fig. 3(a) zero corre-
sponds to the position of the central photon energy 80 eV, while
vertically the optical axis is position zero. Since the detector
pixels have a finite size, the information on the image of Fig. 3(a)
is spatially integrated between the dashed lines, which indicate
the boundaries of the 10 µm× 10 µm sized pixels (the resolution
in the vertical direction is not limited by pixel size). This means
that the image of the monochromatic beam appears as a vertical
line spreading only a few pixels along the diffraction axis (hori-
zontal dispersion axis u in this model), and the actual detected
image can be seen in Fig. 3(b).
Since it is a spatially integrated intensity that is detected by
the detector (for example CCD), the physical quantity of the
signal on each pixel is nominated as power. Like the inten-
sity values, the power values are in the same arbitrary units
throughout the article, so quantitative comparison can be made
between figures. We note here, that in reality, these detectors
also integrate temporally, so the signal (often termed as counts)
appearing on the CCD chip has actually energy units. Since it
would only mean a constant multiplication factor in this model
quantitatively, the temporal integration is omitted. The power
distribution of the middle pixel line (of Fig. 3(b)) can be seen
in Fig. 3(c) with continuous curve. For comparison, the line
segment of the far-field profile Fig. 2(c) is also plotted in Fig. 3(c)
with black dotted curve.
Fig. 4 shows the information that is obtained when a slit-less
spectrometer is used for spatio-spectral analysis of the same
80 eV central photon energy beam as with the slitted spectrom-
eter. Again, to make comparisons easier, the image distance
from the source was set to be dOF + dFI = 12.225 m (see Fig.
1(b)). This means that with the focal length f = 22.1 cm of the
cylindrical lens, the involved distances are dOF = 12 m and
dFI = 22.5 cm, resulting in a demagnification of approximately
M = 0.019. The size of the rectangular aperture of the imaging
optics was chosen to be ax = 2.45 mm and ay = 6.5 mm (half
widths, see Eq. (7)). Actually, in most cases along the dispersion
axis (horizontal axis u or x in the model) the aperture size is sig-
nificantly smaller than along the perpendicular axis due to the
grazing incidence, which is the reason for the different ax and ay
sizes. The image in the detector plane was simulated using Eq.
(7). The field distribution UF in the plane of the cylindrical lens
necessary for Eq. (7) was calculated from the near-field profile
of Fig. 2(a), using the free-space propagation formula Eq. (1)
with distance dOF = 12 m. The spatial shift of the images due to
the dispersion of wavelengths caused by diffraction on grating
grooves is again characterized by δ = 1 mm/1 nm. Note again
that the horizontal extent of the image is more than two orders
of magnitude smaller than the vertical extent, and the dashed
lines highlight the pixel boundaries (10 µm× 10 µm size) in Fig.
4(a).
Like in the case of the slitted spectrometer, the spatial infor-
mation along the horizontal axis (diffraction axis x) is lost due to
the spatial integration exposed by pixel size, giving the actually
detectable images of Fig. 4(b). In Fig. 4(c) the middle vertical
pixel line of Fig. 4(b) is plotted with dashed blue curve. For
comparison the far-field line segment (the one given in Fig. 2(c))
is also plotted with black dotted curve.
4. DISCUSSION
It is an interesting feature visible in Fig. 2 that while at the
source plane the XUV beam is strongly annular, this feature is not
necessarily apparent after free space propagation (compare Fig.
2(b) and (d)). As we mentioned previously, the far-field provides
information on the divergence of the cylindrically symmetric
near-field beam: components of given divergence of the source
beam will appear along a circle of given radius r at the far field
(see Fig. 5). By divergence we mean the angle α that the local
wavefront normal~k makes with the axis of symmetry (optical
axis z), which can be seen in Fig. 5. That all radiation with a
given divergence angle in a cylindrically symmetric situation
end up at the same radial distance from the optical axis in the far
field is of course just approximately true. Since radiation with a
given divergence angle may appear at different radial far-field
coordinates r because they originate from different ρ points in
the near field. Although this inaccuracy is not so relevant due
to the distances involved (see that the near-field and far-field
image sizes have a ratio of ∼ 1 : 10 in Fig. 2, which size ratio is
also pictured in Fig. 5).
In Fig. 3(c) it is illustrated that the spatial information ap-
pearing on the detector of a slitted spectrometer is identical to
the far-field radial intensity distribution of the beam. This is
of course not surprising, since the slit serves like taking a line
segment of the beam, just like it is done theoretically in Fig. 2(c).
So when spectrometers with an entrance slit is used, it is correct
to identify the spatial information as the information on the di-
vergence properties of the source beam and term the spatial axis
as divergence axis on plots.
As expected, it can be seen in Fig. 4(a) that the image of a
monochromatic source appearing on the detector of a slit-less
spectrometer is different from the image obtained with a spec-
trometer having an entrance slit (cf. Fig. 3(a)). The fundamental
difference is due to the different imaging properties of the two
spectrometer systems. As discussed previously – during the
description of the model – in the case of a slitted spectrometer
the slit is imaged as a “virtual” object to the plane of the detector.
The slit plane is called virtual object because we consider the
source plane as the real object on which we aim to get informa-
tion. Imaging in the case of the spectrometer with the entrance
slit means real imaging along both axes, u and v. In the case
of the slit-less spectrometer, the object of imaging is really the
source plane, but focusing (imaging) only happens along one
axis. The axis of imaging coincides with the axis along which
the dispersion of wavelength happens due to the diffraction on
grating grooves.
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line segment of Fig. 2(c), the real spatial profile is also showed
with black dotted curve.
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Fig. 5. Explanation of the relation between the near-field di-
vergence and the far-field intensity profile. The wave vector
~k is the local normal of the wave font, while α is the angle be-
tween the wave vector and axis z. The inset titled “divergence
angles” shows the meaning of “y-divergence”, which is the
polar angle αy that the projection of vector~k on the y− z plane
makes with axis z.
Thanks to the higher collection efficiency of thes slit-less
arrangement, the signal on the detector is more than two orders
of magnitude stronger (compare intensity values in Fig. 3(a) and
4(a)). This also stands for the spatially integrated real signal
appearing on the detector pixels (compare power values in Fig.
4(b) and Fig. 3(b)).
As it can be seen in Fig. 4(c), the resemblance of spatial
information and the real spatial beam profile is much less in
the case of a slit-less spectrometer than in an analysis carried
out with a spectrometer having an entrance slit (compare Fig.
4(c) with Fig. 3(c)). While the main features appear also in
the spatial data recorded with the slit-less spectrometer, it is
not true anymore that it reproduces the divergence information
of the actual beam. In this case there is no direct relationship
between divergence at the source and position on the far-field
detector, since the optical system carries out imaging only along
the horizontal (dispersion) axis. This imaging is naturally not
equivalent to a spatial integration along the imaging axis, as it
can be deduced from Eq. (7), since then it could be simplified
to a form representing this simple relation. So the spatial axis
in images recorded with slit-less spectrometers should actually
be termed as “y-divergence”. By the “y-divergence” we mean
the polar angle αy that the projection of the local wave vector
~k on the y− z plane makes with the z axis (see inset of Fig. 5).
The reason is that those rays will arrive at a specific point with
a given y(v) coordinate on the image whose divergence has a
given polar angle αy. The azimuth angle αx is irrelevant, since
imaging collects all rays to a single pixel along the horizontal
axis.
The correspondence between the real radial far-field profile
and the one detected with the slit-less spectrometer can be in-
creased by decreasing the ax size of the grating aperture, since
this way the aperture of the grating will serve a similar role as an
entrance slit, limiting radiation arriving only from a smaller area.
At the same time, the two cases are totally different in nature,
since the object of imaging is in one case the slit (spectrome-
ter with a slit), and in the other it is the source itself (slit-less
spectrometer, see Fig. 1). The decrease of grating size of course
decreases signal (see ax = 1.0 mm curve in Fig. 4(c)), while
bigger aperture (ax = 6.5 mm curve in Fig. 4(c)) leads to more
signal, but less information on real spatial characteristics. Still,
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with the decreased aperture size the signal is much higher than
what is obtainable with a normal spectrometer (compare power
values in Fig. 3(c) and in Fig. 4(c)).
Fig. 6 illustrates simulated spatio-spectral features of a broad-
band HHG source in a theoretical analysis using a spectrometer
having an entrance slit (Fig. 6(a)) and using a slit-less cylindrical-
grating spectrometer (Fig. 6(b)). Both the HHG parameters and
the spectrometer geometries are the same that were used for
the simulations of Fig. 3 and of Fig. 4 for the normal and the
slit-less spectrometer, respectively (ax = 2.45 mm for the slit-less
case). It can be seen clearly that a slit-less spectrometer provides
higher signal, but blurring the real spatial profile.
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Fig. 6. (a) Spatio-spectral data that can be recorded with a
normal spectrometer having an entrance slit. (b) The spatio-
spectral data for the same radiation as in (a) but obtainable
with a cylindrical-grating slit-less spectrometer.
Unfortunately, since XUV beams have a complex beam pro-
file, it is not possible to express in a simple manner how the
spatial profile obtained with a slit-less spectrometer relates to
the radial profile of a cylindrically symmetric beam. The signal
appearing on a given pixel of the spectrometer detector depends
both on the phase distribution of the beam and on the focusing
properties of the cylindrical focusing element. Still, it can be
clearly seen that the slit-less spectrometer does not give directly
the radial information.
5. CONCLUSIONS
We analyzed the spatial information provided by spectrometers
with and without an entrance slit when they are used to charac-
terize a beam whose propagation properties possess a cylindrical
symmetry. We raised attention on the fact that while the spatial
information obtained from the slitted spectrometer directly rep-
resents the far-field profile of the cylindrically symmetric beam,
the spatial data acquired with the slit-less spectrometer signifi-
cantly deviates from it. Terming this far-field data as information
on the divergence properties of the beam is only correct for a
spectrometer with an entrance slit. Our simulations highlight
the expected property that when the spatio-spectral features of a
broadband XUV beam is analyzed with a slit-less spectrometer,
one should be careful how to interpret the spatial information.
So, care should be taken when connection is made with the
divergence properties of the radiation. Thanks to the simple
models used, the considerations are also valid for analysis done
in other wavelength regimes.
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APPENDIX
When the field UF(x f , y f ) in the plane of the cylindrical lens
in (6) has a rotational symmetry, that is, UF = UF(r) (x f =
r cos φ, y f = r sin φ), the surface integral of (6) can be written in
cylindrical symmetry giving
UI(u, v) =
1
iλdFI
exp
(
ipi
λdFI
(
u2 + v2
))
×
∫ ∞
0
UF(r) exp
(
ipi
λdFI
r2
)
r
×
[∫ 2pi
0
exp
(
− i2pi
λdFI
(ur cos φ+ vr sin φ)
)
× exp
(
− ipi
λ f
r2 cos2 φ
)
dφ
]
dr . (8)
This conversion of integration variables only allows for simpli-
fied, analytical evaluation for on-axis points (u = v = 0). Using
that ∫ 2pi
0
exp
(
±ia cos2 φ
)
dφ = 2pi exp
(
±i a
2
)
J0
( a
2
)
, (9)
where J0 is again the zeroth-order Bessel function of the first
kind, (8) can be simplified to a line integral giving
UI(0, 0) =
2pi
iλdFI
∫ ∞
0
UF(r)
× J0
(
pir2
2λ f
)
exp
(
ipir2
λ
(
1
dFI
− 1
2 f
))
r dr . (10)
Substituting arbitrary z instead of the image distance dFI in the
above expression allows for the on-axis evaluation of the field
behind the cylindrical lens.
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